INTRODUCTION
The human tongue contains a dense mucosa that is constantly colonized by a complex and abundant ensemble of microbes, including bacteria, fungi, and viruses. 1 -3 Despite frequent injuries of the tongue, this surprisingly rarely leads to invasive infections. The mucus acts as a physical barrier that separates the mucosal lining from the environment, and the continual swallowing of saliva clears the mucosal surfaces. This physical barrier is difficult for microorganisms to penetrate and explains, at least in part, the rare infection rates.
In addition, by secretion of chemical factors, the mucosal compartment also has an additional role in innate host defense. Mucosal cells actively respond in an interactive manner: (i) they secrete chemokines and other cytokines to alert and attract various cell types 4 and (ii) they produce natural antimicrobial peptides in response to microbial products or proinflammatory cytokines. 5, 6 First in 1995, Schonwetter et al . 7 reported the isolation of an antimicrobial peptide termed lingual antimicrobial peptide from cattle. Lingual antimicrobial peptide belongs to the group -defensins, small cationic peptides that exhibit a broad spectrum of antimicrobial activity. 8 Lingual antimicrobial peptide is expressed in the bovine tongue epithelia and shows a marked induction of mRNA expression in epithelia surrounding areas of inflammation. The expression of lingual antimicrobial peptide is induced by bacterial lipopolysaccharide and proinflammatory cytokines. 9 Although little attention has been paid to the possible role of human defensins in the innate host defense of the human tongue, it is likely that human oral tissues produce antimicrobial peptides similar to those found in other macroorganisms. Recent reports provided first limited evidence of human -defensin (hBD)-1 and hBD-2 in maintaining oral health, 10 and Candida -static calprotectin (a heterodimer consisting of the S100 proteins S100A8 and A9) demonstrated a diffuse expression pattern in the human tongue. 11 Here we describe the identification of the 11,366 Da S100 protein psoriasin (S100A7c) as the dominating Escherichia coli -killing antimicrobial protein of the healthy human tongue, present and secreted on oral mucosal surface and differentially produced in healthy lingual epithelial cells.
RESULTS

Psoriasin is a principal antimicrobial peptide of the human tongue
We analyzed extracts of epithelial tissue layers of human tongues derived from cadavers for antimicrobial activity and consistently found high titers of E. coli -killing activity. The majority of antimicrobial activity bound to a heparin affinity column. Separation of tongue extracts by preparative reversed-phase (C8) highperformance liquid chromatography (HPLC) and analyses of the resulting fractions for bactericidal activity identified prominent E. coli -killing activity eluting at 60 % acetonitrile ( Figure 1 ).
Psoriasin (S100A7) is a principal antimicrobial peptide of the human tongue The human tongue is particularly resistant to bacterial infections although the mouth is continuously exposed to a complex and abundant ensemble of microbes, such as the common intestinal bacterium Escherichia coli . We show that lingual epithelia produce and release, as a primary E. coli -killing compound, the S100 protein psoriasin . No significant reduction in psoriasin release could be achieved through repeated rinsing of the epithelial surface of the tongue. Psoriasin is produced in the upper layers of the lingual epithelia but is lacking in the most superficial and basal cells. It displays a gradient pattern of expression with decreasing expression from the anterior one-third to the posterior portion of the tongue. Thus, psoriasin may be the key to the resistance of the human tongue toward E. coli .
ARTICLES
Mass spectrometric analyses by electrospray ionization-mass spectrometry of the fraction containing dominating E. colikilling activity revealed a molecular mass of 11,366 Da (data not shown). This mass is identical to the mass of natural skinderived N-terminally acetylated psoriasin (S100A7). 12 Peptide mass fingerprinting analysis confirmed the identity of psoriasin.
We were able to purify approximately 40 -50 g psoriasin per g tongue tissue.
Psoriasin displays a gradient pattern of expression in the healthy human tongue
To investigate the distribution of psoriasin in healthy lingual mucosa, we performed immunohistochemistry using a psoriasin monoclonal antibody. Psoriasin staining was reduced from the anterior part to the posterior part of the tongue ( Figure  2a -d ). Intense intracytoplasmic, but also membrane-bound psoriasin staining ( Figure 3a and b ) was identified in mucosal cells of healthy tongues mainly in the upper, more differentiated layers with weaker staining of mucosal cells in the suprabasal layers ( Figure 3a and b ) . Interestingly, most basal and superficial mucosal cells were lacking psoriasin immunoreactivity whereas intensive psoriasin immunoreactivity was also seen in cells of the lingual crypts ( Figure 2b ). These results indicate that psoriasin is produced in the tongue epithelium.
Psoriasin is released in vivo
To address the hypothesis that psoriasin is possibly released in vivo , we analyzed tongue-washing fluids of healthy individuals for the presence of psoriasin ( Figure 4a ). Individual psoriasin concentrations ranged from 0.6 to 464 ng per cm 2 tongue surface ( n = 20, median concentration = 1.86 ng per cm 2 tongue surface). Comparable amounts were recovered at all investigated time-points (median concentration = 1.75 -2.01 ng per cm 2 tongue surface). Interestingly, psoriasin concentration was not markedly reduced after repeatedly rinsing the same area ( Figure 4b ). The presence of psoriasin in the tongue-washing 
DISCUSSION
The human mouth is an area of high microbial density 3 and frequently occurring injuries. Despite these constant microbial threats, the human tongue is highly resistant against microbial colonization and infection by oral intake. E. coli acts as an indicator organism for the microbiological quality of food and beverages. 13 Moreover, E. coli is not a normal member of the oral flora, and lingual infections with E. coli are rarely seen, despite daily exposure of E. coli strains from animal reservoirs, environmental vehicles, food processing environments, and nutriments through the mouth. 14 -16 The reason for the natural resistance of tongue against E. coli infection is not understood. Therefore, we systematically analyzed human tongue for the presence of E. coli -killing factors and identified psoriasin (S100A7) as a dominating antimicrobial component of the healthy human tongue.
Psoriasin was originally discovered in psoriatic skin lesions as a new Ca 2 + -binding S100 protein. 17 The S100 proteins (so called ( c ) One milliliter of rinsing fluid was derived from two individuals, subject 1 (A) and 2 (B). Specific detection of psoriasin in the tongue rinsing fluids was verified by western blot analysis using a monoclonal antibody directed against psoriasin. Natural skin-derived psoriasin served as control.
ARTICLES
for their solubility in ammonium sulphate) comprise a multigene family of low molecular weight proteins that are believed to mediate a variety of functions in eukaryotic cells including differentiation, cell-cycle progression, intracellular Ca 2 + signaling, and cytoskeletal membrane interactions as well as playing a role in leukocyte chemotaxis. 18, 19 Recently, it was shown that S100 proteins may play a putative role in the innate host defense. Calprotectin exhibits Zn 2 + -sensitive Candida albicans -selective biostatic activity 20, 21 and follows a diffuse expression pattern in the human tongue. 11 A short C-terminal peptide fragment of calgranulin c (S100A12) has elicited bactericidal properties against Gram-negative bacteria. 22 We could demonstrate that keratinocytes release, as the principal E. coli -killing compound, psoriasin in vitro and in vivo . Therefore, psoriasin may be the key to the resistance of human skin toward E. coli , utilizing Zn 2 + sequestration as a possible antimicrobial mechanism. 12 In addition, Yoshio et al . 23 identified psoriasin in the vernix caseosa, suggesting that it could play a role in the uterus and possibly protect the newborn from E. coli infection during birth.
Until now, only little is known about psoriasin expression in the human tongue. One report in 1991 described psoriasin expression in fetal tissues of ear, skin, and tongue as determined by 2D gel electrophoresis. 17 Now we provide the first evidence that psoriasin is one of the dominant proteins produced and released by the adult tongue. By immunohistochemistry, we identified psoriasin production in the epithelial layers of the tongue, consistent to the results in the skin. 12 Psoriasin staining was more intense in the upper, differentiated cell layers than in the suprabasal layers and was identified in the cytoplasm as well as membrane-bound, which might be explained by the redistribution of S100A7 to the cell periphery during cell differentiation. 24, 25 The peripheral distribution observed is important, because psoriasin may be released into saliva, as recently demonstrated by Gl ä ser et al . 12 for human skin. Intense generalized mucosal expression might indicate a high constitutive expression and / or a permanent stimulation as a defense strategy in a germ-enriched area.
The highest psoriasin expression was found in the anterior part of the tongue with decreasing expression posteriorly. Since the anterior part of the tongue has first contact with microbes and is more vulnerable to surface trauma, it is plausible that this lingual region requires additional protection by high expression of antimicrobial proteins such as psoriasin.
Moreover, psoriasin could not be detected in superficial epithelial cells, which supports the idea that psoriasin is stored and rapidly released to the surface with minimal adherence to the most superficial epithelial cells as suggested by high psoriasin levels that we found in the rinsing fluids of human tongues.
The abundance of psoriasin on the human tongue together with its high antimicrobial activity against E. coli strengthens the hypothesis that psoriasin may function as an important factor to control E. coli growth on the tongue surface in vivo . To further analyze the role of psoriasin in the lingual defense system, we repeatedly rinsed a standardized area of the human tongue in healthy volunteers and detected high psoriasin secretion in vivo . Even several times of washing over 24 h as well as repeated rinsing during a short time period could not significantly reduce the psoriasin concentration, indicating a huge psoriasin production in the upper lingual epithelium, which might be increased in response to permanent microbial and / or inflammatory stress, 18 as it has been shown for other antimicrobial peptides in the oral cavity. 5 Interestingly, psoriasin is also secreted and has recently been elicited to absorb Zn 2 + ions as a possible antimicrobial defense mechanism against E. coli in the skin. 12 Although the exact mechanism of psoriasin E. coli -killing activity still remains to be elucidated, Zn 2 + deprivation ultimately would affect Zn 2 + -dependent enzymes, which are essential to protect E. coli against oxidative damage by endogenously generated hydrogen peroxide 26, 27 and it is therefore tempting to speculate that psoriasin uses this strategy to be antimicrobial.
In summary, our results indicate an important role of psoriasin as the principal E. coli -killing antimicrobial protein released by the human tongue. Further investigations are needed to understand the role of psoriasin in the innate lingual defense system.
METHODS
Isolation and characterization of psoriasin from the human tongue . All human samples were collected in compliance with the laws and guidelines given by the ethic committee of the medical faculty, University of Kiel, Germany, subjected to the 1975 Helsinki Declaration, revised 1983. Lingual tissue was derived from normal individuals posthumously during autopsy after cardiac arrest ( n = 17). In addition, for all in vivo experiments, healthy volunteers ( n = 25) were informed in detail and gave written consent.
Only the superficial tissue layers including the epithelia were dissected, and pooled lingual surface tissue (85 g) was extracted with acidic ethanolic citrate buffer and further purified using a heparin affinity column followed by preparative reversed-phase (C8) HPLC as described before. 28 Aliquots (10 -30 l) of the resulting C8 HPLC fractions were lyophilized, dissolved in 5 l 0.1 % (v / v) aqueous acetic acid, and tested for antimicrobial activity against E. coli ATCC 35218 and ATCC 11303 by a radial diffusion assay. 29 Fractions containing the highest antimicrobial activity against E. coli were further purified by C2 / C18 reversed-phase HPLC as previously described. 12 Fractions containing the highest antimicrobial activity against E. coli were analyzed by electrospray ionization-mass spectrometry, performed in the positive ionization mode with a quadrupol orthogonal accelerating time-of-flight mass spectrometer (QTOF-II-hybrid-mass-spectrometer; Micromass, Manchester, UK). Protein identification was done by peptide mass fingerprinting using tryptic digests. Briefly, lyophilized HPLC fractions containing approximately 2 -4 g protein were dissolved in 20 l NH 4 CO 3 , pH 8.0. Tryptic digestion was started by adding 50 ng activated (with 1 % acetic acid) trypsin (modified trypsin, sequencing grade; Roche, Mannheim, Germany) and was allowed to proceed for at least 4 h at 37 ° C. Digestion samples were desalted using 10 l C18 ZipTip pipette tips (Millipore, Bedford, MA) and tryptic fragment masses were determined by electrospray ionization-mass spectrometry analyses. Identification of the protein was achieved by analyzing the resulting peptide fragment masses with the peptide mass fingerprinting tool Mascot ( www.matrixscience.com ).
Immunohistochemistry . To identify the cellular source of psoriasin expression in the tongue, immunohistochemistry with a specific monoclonal anti-psoriasin antibody was performed as previously described. 12 A detection system StreptABComplex / HRP (DAKO, Hamburg, Germany) with DAB (Biogenics, San Ramon, CA) as substrate was used.
ARTICLES
Psoriasin ELISA and western blot . For investigation and quantification of psoriasin secretion in human tongue-washing fluids, a psoriasin enzyme-linked immunosorbent assay (ELISA) with two monoclonal antibodies was used as previously described. 12 Standard curves were generated using natural skin-derived psoriasin and the detection limit of the ELISA was 1 ng ml − 1 psoriasin. Specificity testing was performed by western blot analysis as described before 12 with lingual rinsing fluids derived from different individuals.
In vivo experiments to determine the functional role of psoriasin in the human tongue . To determine the in vivo concentration of psoriasin released on the healthy tongue surface, 25 normal volunteers (average age 35.4; minimum 19, maximum 57; 15 female, 10 male volunteers) were investigated. At the beginning of the experiment, all volunteers irrigated her / his mouth three times with 25 ml normal sterile saline solution to avoid non-lingual psoriasin contamination. A standardized area (50 mm 2 ) of the anterior part of the tongue was prepared by pressing a plastic cylinder on the tongue surface. This area was rinsed in 20 volunteers repeatedly with 900 l 10 m M sodium phosphate buffer (pH 7.4) after 30 min, 1, 2, 6, 12, and 24 h ( n = 20, Figure 5 ), whereas the other five volunteers (average age 45.4; minimum 32, maximum 57; two female, three male volunteers) were rinsed 20 times consecutively with 900 l 10 m M sodium phosphate buffer (pH 7.4) on the same area following the three oral irrigations. All individual rinsing fluids were mixed with 100 l 10 m M sodium phosphate buffer (pH 7.4) containing 10 % bovine serum albumin for stabilization and stored at − 80 ° C for further investigations. Quantification of psoriasin concentrations in the tongue rinsing fluids was determined by ELISA.
